In this study, the length and area of t he artifact were quantitatively evaluated according to the direction of the magnetic susceptibility artifact. Using a self-made magnetic susceptibility artifact phantom the frequencyencoding direction in the 3.0T MRI system was changed in axial, coronal, and sagittal planes using T2 fast spin echo (FSE). The results showed a difference in length when the frequency encoding was changed from anteroposterior (AP) to right-to-left (RL) in the axial, RL to superior-inferior (SI) in coronal and AP to SI in sagittal planes (p < 0.05). In addition, the difference occurred when the magnetic susceptibility artifact area was measured according to the frequency-encoding direction conversion (p < 0.05). However, additional studies of magnetic susceptibility artifacts using various types of screws and plates are needed. This study provides basic data to prevent magnetic susceptibility artifact due to screw fixation.
Introduction
Surgical operations such as screw fixation have been performed for patients with fracture to minimize ligament and vascular injury [1, 2] . Magnetic resonance imaging (MRI) has been used to evaluate the risk of bone tissue destruction after screw fixation surgery [3, 4] . MRI is an imaging modality that converts electrical signals, generated by the magnetic field in the human body, into images [5, 6] . The 3.0T MRI is commonly used in clinical practice as it provides a high degree of contrast and resolution to enhance the diagnostic value of the image [7] [8] [9] [10] . However, MRI also has a disadvantage due to image artifacts generated by hardware, software, magnetic field environment, and parameters [11, 12] . Diagnostic artifacts include misdiagnosis due to signal loss unlike the actual human anatomy [13] . Among them, magnetic susceptibility artifacts induce image distortion associated with altered magnetic susceptibility, for example, due to metals in the body causing nonuniform local magnetic field [14] . Especially, in the case of a patient with metallic implants and screws in the human body, signal loss occurs due to magnetic susceptibility artifact, which lowers the diagnostic value of the diagnostic image [15] . When artifact occurs in MRI, the direction of artifact varies depending on the direction of frequency and phase encoding since artifacts often occur in the direction of matrix alignment [16] . Many studies reported distortion of magnetic susceptibility artifacts, with inadequate investigation into quantitative directionality [17, 18] .
Predetermination of quantitative directionality of susceptibility artifact before MRI may prevent the loss of diagnostic value due to artifact and facilitate the identification of regions of interest in the image.
Therefore, this study provides the basic data on directionality of magnetic susceptibility artifact, by quantifying the length and area of artifact.
Subjects and Methods

Phantom design
A self-generated phantom was designed for use in this study to identify magnetic susceptibility artifacts. Pig hind limb bones were surgically inserted in the 15 × 15 × 15 cm acrylic phantom using metal screws. The pig hind limb bones were placed in the center of the phantom ©The Korean Magnetics Society. All rights reserved. *Corresponding author: Tel: +82-31-740-7351 Fax: +82-31-740-7134, e-mail: eehrrn@hanmail.net using a support. The phantom was filled with water and tissue equivalent material to mimic the human environment (Fig. 1 ).
Experimental method
In this study, we used SignaHDxT 3.0 T MRI system (GE healthcare), which is a whole-body MRI, and set the head region with 16 Channel Head Neck Spine Coil (HNS) (Fig. 2) .
For image acquisition, T2 Fast Spin Echo (FSE) was used and the time image parameters used were as follows: Matrix size, 384 × 224; FOV, 160 mm; Gap, 0.3 mm; TE, 120; TR, 4000 msec; NEX, 2; and slice thickness, 3 mm.
Image acquisition in MRI is based on the principle of magnetization of hydrogen nuclei by placing a human body in a magnetic field, collection of signal information using a gradient coil, and image acquisition by Fourier transforming the collected signal. In this regard, S. Balac et al. [19] developed a mathematical model and numerical simulation of magnetic susceptibility artifact in MRI based on the Lamor relationship, to derive the resonant frequency required for signal acquisition. The Lamor relationship is as defined by the following equation.
(1) V L means denotes the precessional frequency, is the gyromagnetic ratio, and B is the strength of the magnetic field. It can be seen that the precessional frequency changes with the intensity of the magnetic field. MRI exhibits slice, frequency, and phase gradient. Among them, the section selected by slice gradient is as follows. (2) V s is the resonance frequency of the slice gradient, B 0 is the main magnetic field, and G s is the slice selection gradient. Multiple sections of the resonant frequency can be selected by using resonance frequency and slice selection gradient.
Among the two gradients that collect signal information, the frequency-encoding gradient is expressed as follows.
(3)
V is the frequency signal based on the frequencyencoding gradient, G r is a frequency encoding gradient. B 0 means represents the primary magnetic field. The frequency gradient is used to acquire alternate signals.
The equation for phase encoding gradient is as follows. (4) is the phase of the collected signal based on the phase encoding gradient, G 0 is the phase encoding gradient. T 0 means denotes the time of onset of the phase encoding gradient. The phase gradient enables signal
The phantom produced in this study was first inserted by a screw into the tibia of pig, and the tibia was screwed into the center of 15 × 15 × 15 cm acrylic box and filled with water. Finally, the phantom was scanned with the pig's tibia attached in the center in an acrylic box filled with water. Patients with metallic implants in the body show magnetic susceptibility artifacts in the image. After MRI, nonuniformity of the magnetic field, band width, spin density, magnetic susceptibility, and gradient contribute to the generation of magnetic susceptibility artifact. Wenmiao Lu et al. [20] defined the factors contributing to the generation of magnetism-sensitive artifacts using the following equation.
represents the non-uniformity of the magnetic field induced in the metal, is denotes spin density,
is the gyromagnetic ratio of 1H, G s is the amplitude of gradient, z is the direction of read out and desired slice selection, Δf(χ, z) represents non-uniform magnetic field, f e is G S Z 0 , and Z 0 indicates directions except for direction of the readout and slice selection. Magnetic susceptibility artifacts are altered by TE, material, phase shift, and so on. A. A. O. Carneiro et al. [21] defined the relationship with TE, which is a variable, using the following equation.
S SE is represents spin echo indicating signal strength, S 0 is denotes proton density, T 1 stands for T 1 relaxation, T 2 is the T 2 relaxation, TE is the echo time, TR is repetition time, and e refers to natural logarithm. Since the signal strength changes according to TE, in order to minimize the effect of TE, TE was fixed to 60 msec in this study.
Venook et al. [22] defined the relationship between materials such as metallic implants and magnetic susceptible artifacts using the following equation.
(8)
Δχ indicates the size of the artifact depending on the material, Δω represents frequency shift, γ is the gyromagnetic ratio, G r is the size of readout gradient, and ΔX refers to susceptibility mismatch. Depending on the type of material, the size of the artifact is altered if susceptibility mismatch and readout gradient change. Therefore, the material is fixed with the titanium alloy in order to control the magnetic susceptibility artifact changes due to the material difference.
Karin Shmueli et al. [23] also defined the shift in magnetic susceptibility artifacts in the phase shift using the following equation. (9) represents the magnetic susceptibility artifact, FT is Fourier transform, is phase image, γ is proton gyromagnetic ratio, B0 is strength of the magnetic field, TE is echo time, K Z is Z-axis vector of K-space parallel to the runner field, and K 2 is indicating the k-space size of vector. In this study, the magnetic susceptibility artifacts were quantified by controlling TE and material and altering the direction of − 573 − frequency encoding after acquiring images in the axial, coronal, and sagittal planes. The direction of frequency encoding was changed from anterior to posterior (AP) to right to left (RL) in axial, RL was converted to superior to inferior (SI) in the coronal plane, and AP was converted to SI in the sagittal plane. The length and area of the scanned images were measured using Image J (bundled with 32-bit Java 1.6.0_24). The measurements were performed 45 times by five observers, nine times each. The axial, coronal, and sagittal length measurements were made from areas of magnetic susceptibility artifacts to the brightest part of the distortion. In this case, the artifact length of the axial image was measured from the anterior of the image to the origin of the posterior artifact and the artifact from left to right of the image was measured (Fig. 3) .
Artifact length of a coronal image was measured from the inferior of the image to the superior artifact origin and from the right side of the image to the left artifact origin (Fig. 4) .
Artifact length of the sagittal image was measured from the inferior to the superior artifact origin and the point anterior to the posterior artifact (Fig. 5) .
The magnetic susceptibility artifact area was measured by setting the ROI based on the area of signal loss in the image.
The results of each test were compared with the mean values of the two groups according to the altered frequency-encoding direction using the independent t-test. The SPSS 18.0 (IBM, USA, Chicago) was used for the statistical program. The p value was considered statistically significant when it was less than 0.05.
Results
The experimental results of this study involving the axial image suggest that the measured value of anteriorposterior direction was the longest at 5.22 ± 0.159 in the RL frequency-encoding direction and left-right was the longest at 63.68 ± 0.177 in the AP frequency-encoding direction (p < 0.05) (Fig. 6) . The measured value of magnetic susceptibility artifact area was the maximum at 455.49 ± 2.979 in the RL frequency-encoding direction (p < 0.05) ( Table 1 ).
In the coronal plane, the measured value of inferiorsuperior image was the longest at 58.53 ± 0.125 in the RL frequency-encoding direction, and right-left was to be the longest at 63.97 ± 0.121 in the SI frequency-encoding direction (p < 0.05) (Fig. 7) . The value of magnetic susceptibility artifact area was the largest at 182.02 ± 1.827 in the RL frequency-encoding direction (p < 0.05) ( Table 2 ).
In the sagittal plane, the value of inferior-superior image was the longest at 51.74 ± 0.262 in the AP frequencyencoding direction, and anterior-posterior image was the longest at 8.70 ± 0.172 in the SI frequency-encoding direction (p < 0.05) (Fig. 8) . The value of magnetic susceptibility artifact area was the largest at 705.17 ± 2.886 in the SI frequency-encoding direction (p < 0.05) ( Table 3) . Fig  9 presents the graphical comparison of magnetic susceptibility artifact area via frequency encoding.
Discussion
In patients with fractures, surgical procedures such as screws are used for fixation of metallic implants in the body to minimize the ligament and vascular injury of the Fig. 6 . (Color online) In the axial direction, when the standard length of magnetic susceptibility artifact was set from anterior to posterior, it was the longest when the frequency-encoding direction was RL (A), and when set from left to right, the it was the longest when frequency-encoding direction was AP (B). In this study, SOM stands for standard of measurement and FED refers to Frequency-Encoding Direction. (Color online) In the coronal direction, when the standard length of magnetic susceptibility artifact was set from inferior to superior, it was the longest when the frequency-encoding direction was RL (C), and when set from right to left, it was the longest when the frequency-encoding direction was SI (D). fractured bone [24] . In patients undergoing screw fixation, the risk of osteoporotic fracture is confirmed via MRI with metal inserts into the body after surgery [25] . Magnetic susceptibility artifacts due to the metal in the human body, results in signal loss, which decreases the diagnostic value of the In the sagittal direction, when the standard measurement of length of magnetic susceptibility artifact was set from inferior to superior, it was the longest when the frequency-encoding direction was AP(E), and when set from anterior to posterior, it was the longest when the frequency-encoding direction was SI (F). When converting from coronal to frequency encoding, magnetic susceptibility artifact was the largest in RL (B). During the conversion from sagittal plane to frequency encoding, the magnetic susceptibility artifact was the largest in SI (C). In this study, FED refers to Frequency-Encoding Direction.
image during MRI [26] . The direction of artifact varies depending on the direction of frequency and phase encoding because artifacts follow the direction of matrix alignment [27] . However, many studies investigating image distortion in magnetic susceptibility artifacts failed to quantify the results [28] . Therefore, this study provided basic data pertaining to directionality of magnetic susceptibility artifact by quantifying the length and area of artifact according to the direction of magnetic susceptibility artifact. In the study, magnetic susceptibility artifact length occurred in three directions: axial, coronal, and sagittal based on the direction of frequency encoding. Cho et al. [29] reported the direction of artifact when converting frequency-encoding direction into actual patient values.
In addition [30] , the direction of artifact occurred during conversion of the frequency-encoding direction. Cho et al. compared the extent of changes in magnetic susceptibility artifacts within the distortion. However, in this study, we measured the length from the end of the image to the point of magnetic susceptibility artifact distortion.
As a result, despite numerical differences the results are consistent with Cho et al. In addition, the study investigating changes in magnetic susceptibility artifact area according to the frequency-encoding direction transformation, showed that axial distortion was less in AP than in RL, sagittal distortion was less in AP than SI, and coronal distortion less in SI than RL. Therefore, the length and area of the overall magnetic susceptibility artifact should be carefully determined.
The direction and area of magnetic susceptibility artifacts varied following single screw insertion. Because of the lack of experimental data with various magnetic materials, further studies investigating various types of screws and plates are needed.
Conclusion
In this study, it was confirmed that any section showed directionality under altered length and area of magnetic susceptibility artifact. Therefore, determination of the length and area of magnetic susceptibility artifact depending on the direction may be a parameter for investigation during MRI in an environment inducing magnetic susceptibility artifacts.
However, considering the wide range of screws and plates used in screw fixation, additional studies investigating the associated magnetic susceptibility artifact areas are needed. This study represents a basis for the prevention of magnetic susceptibility artifact created by screw fixation.
